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This  report  concerns  the  application  of  X-ray  photopraplgr  to  the  stucty-  of  certain  ballistic 
problems  in  the  T^9  high-velocity  rocket  grenade  and  the  li5-mm- aircraft  rocket.  The  report 
is  intended  to  suggest  to  rocket  experimenters  the  potentialities  of  X-ray  techniques,  as  well 
as  to  review  the  significant  results  obtained  in  X-ray  studies  of  these  specifio  weapons.  Mem¬ 
oranda  relating  to  this  project  will  be  found  in  the  Allegany  Ballistics  Laboratory  files  under 
Projects  7ir-60,l  and  W-80. 

The  experimental  work,  supervised  by  Major  J.  C.  Clark,  was  carried  out  at  the  Aberdeen 
Proving  Gro\md  (using  the  facilities  of  the  Army  Ordnance  Department).  Authorization  for  X-ray 
studies  of  the  two  weapons  to  be  undertaken  at  Aberdeen  was  granted  by  letter  from  the  Office 
of  the  Chief  of  Ordnance,  following  a  request  from  R.  E.  Oibson,  Director  of  Research  at  the 
Allegany  Ballistics  Laboratory.  The  principal  expenses  incident  to  the  work  were  borne  by  the 
Amy  Ordnance  Department. 

X-ray  studies  of  the  T^9  high-velocity  rocket  grenade  were  initiated  on  August  9,  19l+Ii,  and 
the  experiments  were  concluded  on  November  8,  19l*U.  Similar  investigations  of  the  ll5-mm  rocket 
project  were  initiated  on  July  12,  19ii5,  and  the  concluding  experiments  were  performed  on  Septembif 
U,  1945. 
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X-RAY  PHOTOGRAPHY  OF  BURNING  ROCKET  PROPELLANTS 


Abstract 


Recent  developments  have  made  it  possible  to  take  high-speed  X-ray  photographs  of  rockets 
in  action  ■which  reveal  the  burning  propellant  and  the  beha'vior  of  the  internal  components.  The 
method  presents  unique  possibilities  for  •the  investigation  of  certain  rocket  problems.  Appli¬ 
cations  of  X-ray  photography  have  been  made  in  a  study  of  propellant  loss  in  the  T59  high  ve¬ 
locity  rocket  grenade  and  in  the  ll5-mm  aircraft  rocket. 


1.  Introduction  and  recommendations 

During  the  course  of  rocket  developmen-bal  work,  it  is  frequently  necessary  to  investigate 
the  causes  of  anomalous  beha'vior  observed  in  static  and  flight  firings.  With  the  equipment 
ordinarily  used  in  rocket  research,  only  indirect  evidence  of  the  cause  of  erratic  performance 
is  obtained.  For  example,  high  pressures  in  static  firings  may  be  a  result  of  failure  of  the 
trap  or  of  the  propellant,  or  again  it  may  be  normal  beha'vior.  In  flight  fii*ings,  loir  velocities 
or  abrupt  changes  in  velocity  may  indicate  some  mechanical  failure.  The  advantage  of  direct 
observation  of  the  conditions  within  the  rocket  motor  is  obvious  because  of  the  ease  with  which 
the  difficulty,  if  any,  may  be  ascertained.  Thus  corrective  measures  may  be  quickly  applied. 

Recently  it  has  been  found  possible  to  draw  currents  of  several  thousand  amperes  for  very 
short  time  intervals  from  cold  metals  by  field  emission  in  a  vacuum  [IJ  ^  X-rays  are  pro¬ 
duced  by  this  process  that  are  of  sufficient  intensity  and  of  short  enough  duration  to  yield 
clear  radiographs  of  a  fast-mo-ving,  low-densi-fcy  object,  even  though  it  is  shielded  by  a  high- 
density  object.  This  fact  suggested  the  possibility  of  taking  X-ray  photographs  of  rockets 
that  would  reveal  their  internal  structure  during  the  burning  process. 

Using  the  proper  experimental  technique  it  should  be  possible  to  observe  the  following: 

(1)  The  action  of  the  igniter. 

(2)  The  beha'vior  of  the  propellantj  for  example,  the  beha'vd.or  of  restricted-coated 
propellant  grains  imder  drag  and  pressure  forces. 

(3)  The  adequacy  of  internal  mechanical  assemblies  such  as  traps. 

(U)  The  nature  of  rocket  chamber  failure. 

(3)  The  flow  properties  of  propellant  gases,  particularly  with  reference  to  erosive  action 
upon  metal  parts  and  propellant. 

(6)  The  action  of  the  trap  and  propellant  under  acceleration  forces  during  flight. 

All  of  the  foregoing  studies  can  be  made,  using  suitable  techniques,  with  existing  X-ray 
equipment.  ly  developing  proper  auxiliary  equipment,  sequence  high-speed  radiographs  can  be 
obtained  making  even  wider  applications  possible.  Through  the  use  of  rocket  chambers  con- 
stmcted  of  metals  of  low  atomic  weight  — —  such  as  beryllium,  magnesium,  and  aluminum, 

^  Numbers  in  square  brackets  refer  to  the  Bibliography. 
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■which  are  Icrw  in  X-ray  absorption  —  and  the  Incorpoititlon  of  radiographically  opaque  part¬ 
icles  . —  such  as  barium  salts  —  in  the  propellant,  radiographs  of  greater  contrast  may  be 
ob'bained. 

It  may  be  mentioned  that  the  equipment  usually  employed  in  rocket  research  can  easily  be  used 
In  conjunction 'vd.th  X-ray  apparatus.  For  instance,  PIP  records  [2]  (records  of  pressure  versus  _^dt 
taken  -with  an  electronic  apparatus  using  vd.re  strain  gages)  have  been  made  to  provide  data  for 
correlating  the  X-rayed  event  with  the  behavior  of  the  propellant  charge  at  the  instant  of  ex¬ 
posure.  Electronic  pressure-time  apparatus  has  also  been  used.  There  should  be  no  difficulty 
in  obtaining  the  velocity  and  acceleration  of  the  rocket  at  the  moment  of  X-ray  exposure. 

2.  Description  of  the  Aberdeen  flash  radiographic  apparatus  [3] 

The  flash  radiographic  apparatus  (Fig.1),  used  for  the  ■work  described  in  the  folloTri.ng,  is 
portable  and  may  be  taken  by  truck  to  the  field  location  where  the  tests  are  to  be  made.  The 
apparatus  consists  of  three  main  parts:  (i)  an  X-ray  tube  that  has  an  auxiliary  focusing  elec¬ 
trode  located  near  the  cathode,  connected  through  a  high  resistance  to  the  anode  to  initiate 
the  discharge}  (ii)  a  surge  generator;  and  (iii)  an  interval  timer  which  is  essentially  a  time- 
delay  circuit  producing  a  pulse  that  causes  the  surge  generator  to  function  at  a  predetermined 
time  interval  after  a  signal’  is  put  into  the  timer.  The  duration  of  the  X-ray  discharge  on  the 
Aberdeen  equipment  has  been  determined  from  radiographs  of  high-explosive  phenomena  to  be  be¬ 
tween  1  and  3  ^sec.  This  interval  is  short  enough  to  "stop"  the  action  of  burning  in  a 
rocket. 

3.  Applications 

(£)  The  T59  high-velocity  rocket  grenade.  —  The  first  application  of  X-ray  technique  to 

the  study  of  the  propellant  burning  process  in  a  rocket  was  made  using  the  T59  high-velocity 
rocket  grenade  (Fig. 2).  A  series  of  static  tests,  directed  to  providing  da^ta  on  propellant  loss 
at  low  temperatures,  was  outlined. 

A  preliminary  radiogram  was  made  with  the  Aberdeen  equipment  of  a  loaded  tS?  HVRG  to  determine 
the  abill^ty  of  the  equipment  to  "see"  the  propellant  disks  within  the  steel  rocket  chamber.  The 
results  were  distinctly  promising,  the  propellant  being  visible  in  great  detail.  The  apparatus 
was  then  set  up  to  take  radiograms  of  the  rocket  during  burning. 

The  experimental  setup  is  shown  in  Fig.  3*  The  X-ray  tube  was  placed  6,3  ft  from  the  rocket 
motor.  At  this  distance  the  X-ray  beam  divergence  is  quite  small  and  the  effect  of  the  focal 
spot  is  thus  minimized.  For  distances  greater  than  6.3  ft  the  film  contrast  was  fotmd  to  be 
diminished.  The  film  cassette  was  placed  1,3  in.  from  the  axis  of  the  rocket  to  insure  good 
definition,  Eas^tman  type  F  films,  with  Patterson  No.  2U3  intensifying  screens,  were  used. 

In  conjunction  with  the  X-ray  equipment,  the  PIP  apparatus  was  used  to  record  the  ballistic 
beha'vior  up  to  the  moment  of  operation  of  the  X-ray  tube.  The  firing  of  the  tube  caused  the 
electron  beam  of  the  PIP  oscilloscope  to  be  thrown  off  the  screen  momentarily.  This  served  to 
fix  the  radiographed  event  with  respect  to  the  burning  time  and  amount  of  propellant  burned. 

In  order  to  obtain  the  radiograph  at  some  selected  time  during  the  burning  process  a  mechan¬ 
ical  trigger  unit  was  used.  This  unit  operated  by  breaking  or  making  a  circuit  by  means  of  the 
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(^)  ARRANCEMENT  OF  OLTRA-H I SH-SPEEO  X-RAY  APPARATUS  ABOUT  37-MM  SUN 


FIG.  I.  THF  ABERDEEN  FLASH  RADIOGRAPHIC  APPARATUS 
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FIG.  2.  THE  T59  HIGH-VELOCITY  HOCKET  GRENADE. 


FIG.  3.  SETUP  TO  OBTAIN  RADIOGRAPHS  OF  PROPELLANT  BURNING  IN  T59  ROCKET. 
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action  of  the  jet.  This  circuit  was  connected  to  the  interval  timer  so  that  the  X-ray  tube 
could  be  fired  at  some  definite  time  after  jet  action  began.  Because  the  instant  at  which 
jet  action  began  varied  from  round  to  round  this  trigger  unit  was  discarded.  In  later  tests 
an  electronic  trigger  circuit  was  connected  to  the  PIP  apparatus  that  caused  the  X-ray  tube 
to  fire  when  a  predetermined  pressure  had  been  reached  in  the  rocket. 

The  T59  charge  and  trap  arrangement  can  be  seen  in  Pig.  2.  The  charge  consists  of  three 
stacks  of  propellant  disks  of  different  outside  diameters  fitted  over  a  centrally  located  trap 
rod.  The  individual  groups  are  separated  by  means  of  metal  trap  washers  of  the  same  diameter 
as  the  larger  section.  The  metal  washers  are  fixed  relative  to  the  trap  rod. 

As  a  result  of  the  tests,  several  Important  features  of  propellant  burning  in  the  T59  were 
revealed.  In  particular,  direct  evidence  was  obtained  that  loss  of  propellant  was  due  to  a 
mechanical  failure  of  the  propellant  disks.  Some  Interesting  aspects  of  the  photographs  (Pig. 
are  the  following. 

(1)  The  film  from  Round  2h  [Fig.  Ii(a)]  shows  that  propellant  breakup  can  occur  when  as 
little  as  0.8  percent  of  the  propellant  is,  burned.  This  may  be  a  result  of  the  action 
of  the  igniter,  which  is  in  the  form  of  a  coated  metal  tube  slipped  over  the  trap  rod 
and  situated  within  the  largest-charge  section  (Pig. 2). 

(2)  The  film  from  Round  13  [Fig.  U(b)]  shows  that  the  propellant  disks  adjacent  to  the 
trap  washers  are  lost  preferentially  to  disks  in  other  positions.  This  was  also 
shown  by  the  film  from  Round  11,  not  reproduced  here. 

(3)  The  record  of  Round  20  [Fig,  U(c)]  was  taken  after  the  maximum  pressure  had  been 
reached  and  passed.  Propellant  is  still  in  evidence. 

(li)  Round  23  [Fig.  U(d)]is  a  control  sho’.lng  the  configuration  of  the  charge  before  , 
ignition. 

Application  of  these  results  to  the  problem  of  propellant  loss  in  f$9  rocKet  is  discussed 
in  another  report  [1;]. 

(b)  The  llg-mm  rocket. — The  problem  of  partial  propellant  failure  in  the  neighborhood  of 
140^F  in  the  U^-mm  rocket  has  been  of  interest  both  from  the  standpoint  of  increasing  the  use¬ 
ful  temperature  range  of  the  weapon  and  as  a  fundamental  problem,  the  solution  of  which  would 
give  insight  into  similar  problems  in  other  weapons.  Several  modes  of  attack  have  been  employed. 
The  possibility  of  the  bursting  of  the  grains  ty  excessive  internal  pressure  in  the  perforation 
was  investigated  by  theoretical  calculations  of  pressure  differences  [5],  and  certain  experi¬ 
ments  designed  to  measure  the  ssune  quantity  directly  were  also  performed.  The  possibility  of 
the  mechanical  failure  of  the  powder  by  buckling  under  the  drag  forces  was  i.nvestigated  in  an 
extensive  series  of  tests  on  the  mechanical  strength  of  propellants  [6],  Various  traps  were 
designed  and  tested  with  a  view  to  decreasing  the  powder  loss  by  improving  the  grain  support 
and  the  venting  of  the  perforation  at  the  rear  end.  None  of  these  methods  of  attack,  how¬ 
ever,  was  completely  successful  in  determining  the  mechanism  and  reasons  for  failure. 

It  was  believed  that  more  direct  evidence  might  be  obtained  by  X-ray  photographs.  It 
might,  by  this  means,  be  possible  directly  to  observe; 

(1)  The  point  of  initial  failure  of  the  powder, 

(2)  Possible  bending  or  twisting  of  the  trap  and  its  effect  on  the  propellant. 

(3)  The  appearance  of  the  grains,  and  possibly  an  indication  of  the  mechanism  of  failure; 
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(^)  ROUMO  23 

FIG.  4.  X-RAY  PHOTOGRAPHS  OF  THE  T59  ROCKET. 
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for  example^  buckling  failure,  a  ripping  or  tearing  action,  or  perhaps  failure  of 
the  grain  ty  bursting  under  the  excessive  pressure  in  the  perforation. 

It  was  recognized  at  the  outset  that  the  problem  of  obtaining  high  contrast  was  complicated 
hjy  the  e  x^,ra  thickness  of  rocket  wall  compared  with  that  of  the  T^9.  Also,  the  detail  of  the 
individual  powder  grains  would  be  obscured  by  the  overlapping  of  the  grains  in  their  normal 
position  on  the  trap.  The  trap  and  the  normal  arrangement  of  the  charge  are  shovm  in  fig. 

The  rockets  were  loaded  with  charges  con¬ 
sisting  of  20-in.  lengths  of  T2  powder  (Hercules 
Powder  Company,  Radford  Ordnance  Works  Pilot  Lot 
672).  The  charges  differed  from  the  standard 
loading  in  that  the  grains  were  not  drilled  with 
four  radial  holes  through  one  web.  These  un¬ 
drilled  charges  were  used  to  induce  powder 
failure  at  lower  temperatures  —  such  charges 
had  given  consistent  failure  at  llO'^F  in  static 
firings.  The  motors  were  momted  in  a  vertical 
position  So  in.  from  the  X-ray  source.  The  pho¬ 
tographic  plates  (17  in.  by  U  in. )  were  mounted 
on  a  wooden  frame  about  1  cm  from  the  chamber  wall 
The  time  of  the  X-ray  flash  was  controlled  a 
thyratron  delay  circuit  actuated  ty  the  break¬ 
ing  of  a  wire  above  the  nozzle.  Pressure-time 
records  of  each  shot  were  taken  with  electronic 
strain-gage  equipment.  The  time  at  which  the  X-ray  flash  occurred  was  clearly  given  on  each  re¬ 
cord  by  a  sharp  deflection  in  the  trace  produced  by  "pick-up”  from  the  circuit  supplying  the 
X-ray  tube. 

The  typical  radiographs  shown  in  Fig.  6  are  described  in  sequence  in  the  follovring. 

Figure  6(a)  is  a  radiograph  of  Roimd  2  taken  23  msec  after  the  beginning  of  the  rise  of  pres¬ 
sure  in  the  motor.  The  maximum  pressure  of  this  round,  which  occurred  5l  msec  after  the  begin- 
ning  of  pressure  rise,  was  S6OO  lb/ in.,  indicating  that  partial  propellant  failure  took  place. 

The  X-ray  beam  was  centered  opposite  the  center  trap  plate.  The  film  shows  the  rear  end  of  the 
front  tier  of  powder  grains  and  to  the  extreme  right,  the  front  end  of  the  rear  tier  of  powder 
grains.  From  the  distance  between  the  trap  plate  and  the  rear  tier,  it  appears  that  the  grains 
are  \mder  compression.  No  breakup  was  observed  in  the  front  tier  of  powder'in  any  of  the  rounds. 

Figure  6(b),  a  radiograph  of  Round  k,  taken  approximately  30  msec  after  the  beginning 
of  the  pressure  rise  and  was  practically  coincident  with  the  maximum  pressure.  The  X-ray  beam 
was  centered  about  U  in.  forward  of  the  rear  trap  plate.  The  trap  failure  seen  here  is  probably 
the  result  of  neglecting  to  wrap  a  wire  around  the  trap  rods  at  the  head  end  during  loading.  It 
is  possible  for  rods  not  thus  fastened  to  become  loose  during  shipment  of  the  rounds.  Broken 
grains  can  be  seen  in  the  space  behind  the  rear  plate,  having  apparently  been  ripped  off  the  trap 
rods. 


(^)  TRAP  (20I0CJ)  FOR  THE  II5-MM  ROCKET 


(i)  trap  (20I0C1)  and  charge  for -the 
115-fJM  ROCKET 

FIG.  5.  TRAP  AND  PROPELLANT  CHARGE  FOR 
THE  IIS-MM  ROCKET. 


Confidential 


8 


Gopfldaatiail 


Figure  6(c),  Round  5,  shows  the  rear  tier  31  bsto  after  the  beginning  of  pressure  rise. 

The  maximum  pressure  occurred  20  msec  later.  powder  fragments  can  be  seen  here,  thougn 
breakup  occurred  later  as  was  evident  from  the  fragments  blown  out  through  the  nozzle.  The 
bending  of  the  trap  rods  is  probably  caused  by  the  bowing  of  the  compressed  powder. 

Figure  6(d),  Round  6,  shows  the  rear  tier  73  msec  after  the  beginning  of  pressure  rise 
and  9  msec  after  the  maximum  pressure.  Here  much  of  the  rear  tier  of  powder  has  been  lost. 

The  distended  appearance  of  one  of  the  fragments  suggests  that  the  grains  may  have  been  rup¬ 
tured  by  excessive  internal  pressure  diiring  the  transient  period,  though  the  mechanical  ripping 
or  stripping  of  the  grains  from  the  trap  rods  might  give  the  same  picture. 

Application  of  these  results  to  the  problem  of  propellant  loss  in  the  ll5-mm  rocket  is  dis¬ 
cussed  in  another  report  [7]. 

U.  Conclusions 

X-ray  photographs  of  rockets  have  been  obtained  that  revealed  the  internal  structure  dur¬ 
ing  the  burning  of  the  propellant.  The  pictures  that  were  obtained  have  permitted  the  direct 
observation  of  the  conditions  within  the  rocket  during  the  burning  process.  These  pictures 
have  thrown  light  upon  the  problems  of  propellant  failure  in  the  T59  high-velocity  rocket 
grenade  and  the  ll^-mm  aircraft  rocket. 

Although  the  application  of  X-rays  to  rockets  has  not  been  applied  extensively,  the  suc¬ 
cesses  that  have  been  obtained  suggest  strongly  the  further  application  of  radiography  to  ex¬ 
perimental  rocket  research. 
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{_b)  ROUND  4-,  30  MSEC  AFTER  INITIAL  PRESSURE  RISE,  REAR  TIER 


(d)  ROUND  6,  73  MSEC  AFTER  INITIAL  PRESSURE  RISE,  REAR  TIER 

FIG.  6.  X-RAY  PHOTOGRAPHS  OF  THE  I 15-mri  ROCKET. 


(c)  ROUND  5,  31  MSEC  AFTER  INITIAL  PRESSURE  RISE,  REAR  TIER 
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